Twenty-first century skills have attracted significant attention in recent years. Student of today and the future are expected to have the skills necessary for collaborating, problem solving, creative and innovative thinking, and the ability to take advantage of information and communication technology (ICT) applications. Teachers must be familiar with various pedagogical approaches and the appropriate ways to use ICT to support the development of their students' twenty-first century skills. The technological pedagogical content knowledge (TPACK) framework provides a theoretical model for studying the ways in which teachers use ICT in education. Still, the TPACK framework faces certain difficulties, especially concerning the instruments currently used for studying TPACK. These challenges are primarily related to the psychometric properties of the instruments and areas of pedagogical knowledge. Within this paper we introduce a new TPACK questionnaire, the TPACK-21 questionnaire which is grounded on twenty-first century skills. The TPACK-21 questionnaire is validated using confirmatory factor analysis (CFA). Results provide a six factor CFA model aligning with the TPACK theoretical framework. Also, the associations among TPACK sub-constructs, and the weak and strong areas of pre-service teachers' TPACK will be discussed.
Introduction
The development of information and communication technology (ICT) has induced major economic changes. These changes are creating new expectations for today's schools and teachers. To meet these expectations, today's students are expected to gain so-called twenty-first century skills. These skills have been defined in many existing frameworks, such as the international project Assessment and Teaching of 21 st Century Skills (ATC21S™), the US-based initiative Partnership for 21 st Century Skills, Definition and Selection of Competences and the European Union's Key Competences for Lifelong Learning by Organisation for Economic Co-operation and Development (OECD) (Ananiadou & Claro, 2009; Binkley et al., 2012; Gordon et al., 2009; P21Skills, 2013) . Despite this range of definitions, all agree that students must master the following: collaboration, communication, ICT literacy, social and/or cultural competencies, creativity, critical thinking, and problem-solving (Kereluik, Mishra, Fahnoe, & Terry, 2013; Mishra & Mehta, 2017; Voogt, Fisser, Roblin, Tondeur, & Braakt, 2013; Voogt & Roblin, 2012) . All the definitions emphasise the importance of ICT skills. Specifically, students must be able to use ICT as a tool in areas related to twenty-first century skills, including learning, collaborating, problem-solving, and creative and innovative thinking. In other words, ICT skills serve as the hub for twenty-first century skills.
According to Voogt et al. (2013) , teachers must know various pedagogical approaches to take advantage of ICT and support the development of students' twenty-first century skills. This suggests that twenty-first century skills must be included in teacher education. There is a consensus that teachers must provide students with learning content in ways that support the students' development of twenty-first century skills (Rotherham & Willingham, 2009 ). Although such skills-often labelled soft or generic skills-have been widely recognised in curriculum standards, the main emphasis in standards and assessment remains on the hard skills in language and mathematics, along with hard factual knowledge (Scardamalia, Bransford, Kozma, & Quellmalz, 2012) . The consensus among researchers in the learning sciences is that these two ideas are not in conflict. That is, problem-solving and social skills are not practised separately from subject knowledge (cf. Murgatroyd, 2010) . Thinking skills and working skills are actually best learned together in their natural context (e.g. Rotherham & Willingham, 2009; Silva, 2009 ).
Twenty-first century skills are emphasised in different countries' national educational goals. However, in terms of actual teaching practices, the role of such skills is much weaker (cf. Voogt et al., 2013) . We consider pre-service teacher education to be the right place to address the challenges faced by national and international educational systems. However, there is a need to develop a framework for studying and describing pre-service teachers from the twenty-first century skills perspective. This framework should be based on theory and empirical evidence to enable the measurement and follow-up of pre-service teachers' educational paths.
In this paper, we focus on twenty-first century skills from the perspective of technological pedagogical content knowledge (TPACK), aiming to combine these frameworks. TPACK is a well-known theoretical approach among researchers studying (pre-service) teachers' use of ICT (cf. Voogt et al., 2013) . TPACK can be seen as a flexible framework for various research purposes. According to Mishra, Koehler and Henriksen (2010) the TPACK framework can be used for different pedagogical approaches as well as different content areas and technologies. The TPACK framework has also been developed for twenty-first century skills (Mishra et al., 2010) , and used as a framework for developing teachers' readiness toward the twenty-first century skills (Figg & Jaipal, 2012; Koehler et al., 2011) . Currently there is a need for designing a TPACK measurement instrument aligning with the twenty-first century skills. Twenty-first century skills place a strong emphasis on pedagogy, including pedagogical practices such as collaborative learning and problem-solving (Voogt & Roblin, 2012) . We assume that the TPACK framework, when aligned with the pedagogical aspects of twenty-first century skills, will provide a comprehensive framework for studying and supporting pre-service teachers' TPACK development aligning with twenty-first century skills. Thus, the aim of this article is to (1) present the TPACK framework and outline the challenges related to TPACK measurement instruments available, (2) outline ways of developing current TPACK research instruments to better consider twenty-first century skills with empirical evidence.
How can the TPACK framework be developed to better match twenty-first century pedagogical needs?
This part of the paper outlines the characteristics of the TPACK framework and measurement instruments available. The focus related to TPACK measurement instruments is specifically on pedagogical perspectives and challenges related to the psychometrics of the questionnaires.
Technological pedagogical content knowledge -theoretical framework
TPACK is a theoretical framework for describing and studying teachers' professional knowledge. According to Koehler, Mishra and Cain (2013) , TPACK is the heart of good teaching and consists of three components: content, pedagogy, and technology. The TPACK framework is built on Shulman's (1986 Shulman's ( , 1987 pedagogical content knowledge (PCK) framework. PCK refers to the knowledge base needed for teaching, requiring a blend of content and pedagogical knowledge, as described below (Shulman, 1987) :
• Content knowledge (CK): knowledge that includes central theories and concepts of topics taught.
Furthermore, CK requires an understanding of the nature of the knowledge and the means of inquiry in the field (e.g. biology, mathematics etc.).
• Pedagogical knowledge (PK): an understanding of learning processes and the ability to control and guide the learning situation. PK is a generic form of knowledge about the cognitive, social and developmental theories of learning.
Technological pedagogical content knowledge (TPACK) adds a technological dimension to the PCK framework. TPACK implies knowledge of effective teaching with ICT applications that are suitable in terms of pedagogy and content (Koehler et al., 2013) . Koehler et al. (2013) identify the following components of TPACK:
• The TPACK framework is built on these elements and describes the seven areas of teacher knowledge that serve as the heart of good teaching (Koehler et al., 2013) .
Flexible framework -defining pedagogy
The TPACK framework can be seen as a flexible tool for various research purposes. According to Mishra et al. (2010) (Landry, 2010) , biology (Kontkanen et al., 2015) , sustainable development (Sointu et al., 2016) , and special education (Lyublinskaya & Tournaki, 2014) . Similarly, TPACK has been studied from the perspectives of different technologies, such as the world wide web (Lee & Tsai, 2010) , Second Life (Kontkanen et al., 2015) , and social software (Valtonen, Kontkanen, Dillon, Kukkonen, & Väisänen, 2014 ). This feature makes it possible to apply the TPACK framework flexibly to various areas to study topics related to ICT in various education contexts.
Currently there are several questionnaires available for measuring TPACK (Chai, Koh, & Tsai, 2016) . The focus of this article is particularly on the pedagogical aspects of TPACK questionnaires. The role of pedagogical knowledge areas (PK, PCK, TPK and TPACK) varies between questionnaires used for measuring TPACK areas. The actively used and modified instrument called the survey of preservice teachers' knowledge of teaching and technology (SPTKTT) (Schmidt et al., 2009 ) measures teachers' pedagogical knowledge using statements like the following:
• I know how to assess student performance in a classroom.
• I can adapt my teaching based upon what students currently understand or do not understand.
• I know how to organise and maintain classroom management.
These statements can be seen as very general-level statements when compared to another instrument and its statements developed by Koh and Chai (2011) . Their areas measuring pedagogical thinking are based on Jonassen, Peck and Wilson's (1999) theory of meaningful learning, which more directly focuses on certain learning theories -that is, the pedagogical practices used by the teacher, as seen in the following:
• I am able to help my students to monitor their own learning.
• I am able to help my students to reflect on their learning strategies.
• I am able to plan group activities for my students.
When considering these differences from the perspective of earlier research related to pedagogical knowledge, such as research on teachers' conceptions of teaching and learning (cf. Boulton-Lewis, 2004; Kember, 1997) , this topic becomes important. Kember (1997) outlines various conceptions of teaching, conceiving of two broad orientations: 1) teacher-centred/content-oriented, and 2) student-centred/learningoriented. These orientations refer to different ways of understanding teaching and learning, different pedagogical knowledge areas, and different relationships to twenty-first century skills. From the measurement instrument perspective, the challenge of the statements in the SPTKTT questionnaire (Schmidt et al., 2009 ) is that respondents' answers to areas related to pedagogical knowledge may be very similar, even among teachers with different teaching orientations. Respondents with different orientations toward teaching and learning may evaluate their knowledge related to assessing students and their knowledge related to maintaining classroom organisation in the same way. In contrast, the questionnaire by Koh and Chai (2011) focuses on areas of meaningful learning, emphasising the students' role in monitoring their own learning, collaboration, and reflective thinking.
From the perspective of twenty-first century skills, the development of the questionnaires is important. Currently there are tools, tasks, and questionnaires for assessing twenty-first century skills (Ahonen & Kankaanranta, 2015; Honey, Fasca, Gersick, Mandinach, & Sinha, 2005; Soh, Osman, & Arsad, 2012) . Still, the questionnaires focused on teachers' and especially on pre-service teachers' twenty-first century skills are scarce. We assume that the development of instrument measuring twenty-first century skills need to align with the direction suggested by Koh and Chai (2011) . Within the questionnaire by Koh and Chai the pedagogical knowledge areas were grounded on theory of meaningful learning, that is, the pedagogical approaches emphasised were active learning, collaboration, and reflective thinking, aligning also with the twenty-first century skills. Still, the twenty-first century skills emphasise skills like collaboration, communication, creativity, problem solving, and critical thinking with a strong emphasis on the role of ICT in teaching and learning (cf. Voogt & Roblin, 2012) . These skills and aligning pedagogical practices provide the framework for designing new TPACK measurement instrument, where the areas containing pedagogical knowledge (PK, TPK, PCK, TPACK) are grounded on these skills.
Measuring TPACK with questionnaires
In addition to the role of pedagogy as a part of TPACK, there is an active investigation into how to design theory-driven, psychometrically sound questionnaires for measuring TPACK and its elements (Table 1) . Schmidt et al. (2009) produced the SPTKTT questionnaire to measure the seven areas of TPACK. This instrument has been used in several studies, but it has attracted some criticism for its validation process, which was conducted separately for each area of TPACK (i.e. PK, TK, CK, TPK, PCK, and TCK) using principal component analysis (PCA) (Chai, Koh, Tsai, & Tan, 2011) . Also, another issue of SPTKTT is defined as the operationalisation of the content-related constructs of TPACK, meaning that examining several different types of content simultaneously may cause problems for the interpretation . In addition to the SPTKTT questionnaire itself, several studies have reported the use of instruments based on the SPTKTT. The SPTKTT has been used in its original form and further developed to address specific technologies (cf. Lee & Tsai, 2010 ) and more specific pedagogical approaches (cf. . Within these studies, the instruments' psychometric properties have been investigated with various methods, such as explorative factor analysis (EFA), including principal component analysis PCA), confirmatory factor analysis (CFA), and structural equation modelling (SEM), to test different aspects of validity and reliability.
The results of these various studies indicate a challenge in separating all seven areas of TPACK with empirical data using EFA and CFA. The study by reported on five out of seven elements of TPACK; TCK and PCK were not loaded as separate factors. Similarly, in research by Archambault and Barnett (2010) , the only separate factor loading, as expected, was technological knowledge; the other elements were combined into three factors. In a study by Koh et al. (2010) , the same kind of challenge was indicated, and only two factors were loaded that aligned with the TPACK frame: the factors for content knowledge and technological knowledge. In the development of TPACK assessment instruments, pedagogy-, content-and technology-specific questionnaires seems to replicate most strongly the original TPACK structure (e.g. Chai et al., 2013; Koh et al., 2013; Valtonen et al., 2015) .
Despite these challenges, there are also promising studies into which the areas of TPACK have loaded in alignment with the TPACK model. In a study by , the factor structure aligning with the TPACK framework was found for two content knowledge areas. The analysis was conducted using EFA and CFA. Koh et al. (2013) reported seven factors in their study with CFA and path modelling. However, in their study, interesting questions arose from the perspective of the direct and indirect effects of the TPACK construct on TPACK itself. Also, Chai et al. (2013) reported seven factors, but their study highlighted another aspect of cultural differences of TPACK. In the study by Valtonen et al. (2015) , seven elements of TPACK loaded in alignment with the TPACK framework. The analysis was conducted using EFA, and the only element excluded was the actual TPACK, but two content knowledge areas were found (specific science content and general content). Also, more than eight factors have been reported in recent studies. For example, Bilici et al. (2013) reported additional contextual knowledge of the student socioeconomic status factor, and Sang et al. (2016) reported additional technological knowledge of the world wide web factor. For more information about most of the recent TPACK questionnaires, please see the comprehensive review of Chai et al. (2016) . 
Purpose of the study
Despite the challenges related to the TPACK framework, our assumption is that TPACK is a valuable tool for studying and supporting the development of pre-service teachers' twenty-first century skills. Still, developing a new instrument poses challenges from the perspective of validity. Validity is a complex, multidimensional aspect of assessment development. According to the Standards for Educational and Psychological Testing (American Educational Research Association, American Psychological Association, & National Council on Measurement in Education, 2014): "Validity refers to the degree to which evidence and theory support the interpretations of test scores entailed by proposed uses of tests … the process of validation involves accumulating evidence to provide a sound scientific basis for the proposed score interpretations" (p. 9). The traditional approach to evaluating validity during assessment development has followed the trinity of content validity, criterion-related validity and construct validity (Cronbach & Meehl, 1955) . Another broader approach to investigating assessment validity and reliability is to investigate factorial validity. Factorial validity refers to the evaluation of the underlying factor structure of the assessment, and evidence for this type of investigation can be supported with confirmatory factor analysis (CFA) (Brown, 2015) . With CFA, a measurement instrument is evaluated by testing the fit of the hypothesised factor structure to observed data (Brown, 2015) .
Following these demands, we present a study investigating the possibilities of taking the above-mentioned factors into account with the newly developed TPACK-21 measurement instrument grounded on twentyfirst century skills. The aim is to validate the TPACK-21 instrument using CFA. Previous studies have established the structure with theory, using expert review and EFA. Herein the process continues by confirming the structure as suggested by Worthington and Whittaker (2006) . Also, the aim is to provide perspectives into the nature of first year pre-service teachers' TPACK based on strong and weak TPACK areas, and also to investigate the associations between latent factors and the relations of TPACK elements in the context of pre-service teachers. The main research question are: The aim is to introduce a tested instrument for measuring pre-service teachers' TPACK grounded pedagogically on twenty-first century skills (Voogt & Roblin, 2012) . The TPACK-21 instrument can be found in Appendix A.
Method Participants and procedures
The participants included 267 first-year pre-service teachers from three universities in Finland (one annual cohort per each university). All participants will eventually graduate as certified classroom teachers (i.e., they will be certified to teach grades 1 to 6 [pupils aged 7 to 12]). The mean age of the participants was 21.7 years (SD = 3.6). Just over 76% of the participants were female (n = 203), which is representative of the Finnish classroom teacher population. Assessment data were collected as part of pre-service teacher coursework during the autumn of 2014. The study purposes and aims were explained to the participants. The respondents were not obliged to participate in the study. The data collection was conducted using an online TPACK-21 questionnaire (Appendix A).
TPACK-21 instrument was developed in phases starting from 2013. Development process began by reviewing TPACK instruments already available. Based on this review a new draft of the questionnaire was designed and the areas of twenty-first century skills (Voogt & Roblin, 2012) were added to the areas of instrument related to the pedagogical knowledge (PK, TPK, PCK, TPACK). After this, two pilot tests were conducted, based on the results of these pilots some statements were removed, added, or changed. The initial items pool based after the review process were 86 items. In its current state, the questionnaire contains 38 statements with adequate reliability level (alpha values above .80). For More detailed information about the development process and pilot studies see Valtonen et al. (2015) . According to Worthington and Whittaker (2006) new research instruments must be tested using both EFA and CFA. This paper continues the validation and testing process of the instrument using the CFA method in order to see how measured TPACK constructs align with the theoretical TPACK framework. Also, the aim is to publish the tested TPACK-21 instrument (Appendix A).
Measure
A self-assessment instrument called TPACK for 21st century skills (TPACK-21) was used in this study to collect information regarding the pre-service teachers' perceptions about using technology in a pedagogically meaningful way within a twenty-first century skills framework. TPACK-21 includes seven TPACK framework areas: pedagogical knowledge (PK; 7 items), content knowledge (CK; 4 items), technology knowledge (TK; 4 items), pedagogical content knowledge (PCK; 6 items), technological pedagogical knowledge (TPK; 6 items), technological content knowledge (TCK; 4 items) and technological pedagogical content knowledge (TPACK; 7 items). Statements related to pedagogy are aligned with twenty-first century skills, this refers to PK21, TPK21, PCK21 and TPACK-21. For example, in the PK21 (Appendix A) respondents are asked to assess their knowledge related to: supporting students' reflective thinking, facilitating students' ability to make use of each other's thoughts, facilitating students' problem-solving process, and supporting students' creative thinking. Respondents assess their knowledge of TPACK areas using a 6-point Likert-type scale (1 = I need a lot of additional knowledge about the topic; 6 = I have strong knowledge about the topic). The Cronbach's alphas in this study for TPACK-21 were for PK (α = .93), CK (α = .92), TK (α = .88), PCK (α = .95), TPK (α = .95), TCK (α = .89), TPACK (α = .96).
TPACK-21 was developed for (novice) pre-service teachers. Therefore, it includes scaffolding texts that briefly outline the core of each TPACK area and a short dictionary for defining the concepts. These aspects and the structure of the actual assessment instrument are intended to support its function as a reflective tool for pre-service teachers. The classroom teachers will teach several different contents of which the natural science is one of the biggest ones. For this reason, the natural science was chosen as a content knowledge for the questionnaire.
Data Analysis
Mplus v 7.11 (Muthén & Muthén, 1998 -2013 was used to fit the CFA model to the assessment data. We used weighted least squares with a mean and variance adjustments (WLSMV, robust WLS) estimator, because the item-level data were collected on a 6-point rating scale, which we considered to represent ordinal responses. As Flora and Curran (2004) suggest, WLSMV may be better suited to estimating SEM parameters for ordinal data than maximum likelihood estimation. We used the following goodness-of-fit indicators to evaluate the fit of the CFA model: chi square (χ 2 ), root mean square of the approximation (RMSEA) (Steiger & Lind, 1980) , comparative fit index (CFI) (Bentler, 1990 ) and Tucker-Lewis index (TLI) (Tucker & Lewis, 1973) . Because the χ 2 indicator is incorrectly calculated in Mplus (Muthén & Muthén, 1998 -2013 and other software, we did not use it in our interpretation. Therefore, absolute indexes (RMSEA), including confidence intervals with a cut-off criterion less than 0.08 (Brown, 2015) and comparative fit indexes (CFI, TLI) with a cut-off criterion greater than 0.95 (Hu & Bentler, 1999) , were used to indicate acceptable model fit. In addition, Pearson product-moment correlations (r) were computed between the latent factors. When interpreting the inter-correlations between latent factors, we used the following general criteria provide by Cohen (1988) : correlations between 0.10-0.29 were considered small, between 0.30-0.49 moderate, between 0.50-0.69 large and greater than 0.70 very large.
Results
CFA was used to investigate the adequacy of the hypothesised factor structure of the TPACK-21 assessment data. A graphical CFA model is presented in Figure 1 . The actual TPACK factor did not fit the data (i.e., poor fit indices and multiple modification indices), and therefore it was left out of the final model. After removing the TPACK factor, the factor structure fit the data acceptably with six latent factors (CFI = 0. Table 2 , variances are not presented in the figure.
The TPACK-21 model CFA indicates strong individual latent factors with high loadings. As mentioned, the TPACK factor was removed from the final model. It may be that the TPACK as a construct in a latent factor model may be associated too strongly with the other factors. Thus, this may indicate that the TPACK is a latent entity of other TPACK constructs (i.e., PK, TK, CK, PCK, TCK, TPK). Correlations are not presented in Figure 1 for purposes of clarity, but these correlations as well as the means and standard deviations of the factors are presented in Table 2 .
The correlations between the TPACK constructs varied from small to very large and can be found listed in Table 2 . It seems that the lowest correlations were between the so-called foundational elements of TPACK-21 (i.e. PK21, CK and TK). Only the correlation between CK and PK21 was stronger (r = .47). The correlations were higher between all so-called intermediate elements of TPACK (i.e. PCK21, TCK, TPK21; r = .62-.72). Similarly, larger correlations were found between foundational elements and intermediate elements. These correlations align well with the assumed TPACK framework; that is, the foundational elements correlated logically with matching intermediate elements. For example, the correlations were very strong between the PCK21 and PK21 (r =.74) and were large between PCK21 and CK (r = .63), TCK and CK (r = .57) and TPK21 and PK21 (r = .51) as well as TPK21 and TK (r = .61). Thus, the correlations align with the TPACK framework. Still, there are also correlations that do not follow the assumed TPACK structure very well between foundational and intermediate elements. For example, the correlations between TPK21 and CK (r = .43) and TCK and PK21 (r = .62) do not follow the TPACK matching as expected. 
Discussion
We first investigated the TPACK-21 factor structure with CFA and then the associations between latent factors and levels of TPACK elements. The results from this study provided a six-factor model of the TPACK without the actual measured TPACK factor. In addition, the results indicated mostly logical associations between TPACK factors, which were termed foundational (i.e. PK21, CK, TK) and intermediate (PCK21, TCK, PCK21) elements (i.e., factors) of TPACK. Pre-service teachers generally felt a need for some support in all elements of the TPACK, but the technology-related areas were found to be the weakest.
The results of the TPACK-21 CFA can be viewed from two aspects: (1) from the perspective of the TPACK-21 questionnaire itself and/or (2) from the perspective of the TPACK framework. The first aspect is initially addressed in this study by the strong factorial structure that was found, indicating both factorial validity and scale reliability (e.g., Brown, 2015) . However, as the validity is an ongoing process needing cumulative evidence, more research on the psychometrical aspect of the TPACK-21 is warranted in the future. Correlations between latent TPACK-21 elements aligned with the assumed TPACK framework. The moderate correlations of foundational elements indicate that PK21, CK and TK are less associated with each other as logically would be meaningful to consider. In other words, technological knowledge is something different than pedagogical knowledge, for example. The stronger correlations between intermediate elements (PCK21, TCK, TPK21) and between foundational elements and intermediate elements. These results align with the TPACK framework i.e. these areas contain overlapping areas.
The correlations between foundational and intermediate elements were moderate to large in magnitude. These results align with TPACK framework; for example, PK21 and CK correlate with PCK21. Still, the roles of content knowledge and pedagogical knowledge demand more consideration. The results indicate that the relation between PK and CK was stronger than the relation between TK and PK or CK. This result aligns with previous studies (Depaepea, Verschaffelb, & Kelchtermansa, 2013; Segall, 2004) , which indicates that pedagogical choices are content-related. Also, according to Lei (2009) , pre-service teachers may have limited experiences of learning with ICT. This may also cause the stronger relation between PK21 and CK-that is, at the beginning of their studies, TK appears as a more separate element of TPACK. Also, the results indicate correlations that do not strictly align with the TPACK framework. CK also correlated with TPK21 even though TPK21 focuses on a combination of technology and pedagogy at a general level without content-specific features. Similarly, the correlation between PK21 and TCK was high even though TCK does not cover the pedagogical aspects of using technology in certain content areas. Generally, we assume that these results can be seen as aligning with the results of Chai et al. (2010) , who indicated that pre-service teachers may have difficulties in separating the areas of TPACK from each other because of their limited studies and teaching experience. These results demand further studies focusing particularly on the development of the relations of the elements of pre-service teachers' TPACK during teacher education.
The designed instrument provides a new, pedagogically grounded tool for measuring (pre-service) teachers' knowledge how to take advantage of different technologies for supporting twenty-first century learning practices. Also, aligning with Roblyer and Doering (2010) and Doering, Veletsianos, Scharber and Miller (2009) we suggest that the TPACK framework need to be seen also as a tool for supporting (pre-service) teachers' reflective thinking. For this purpose, the instrument contains short scaffolding texts before each TPACK area aimed for outlining the core of that area and to help respondents to think and reflect better each area measured. We argue that this way the instrument can help respondents to become better aware of their strengths and development needs related to TPACK. Also, we suggest that psychometrically sound instrument with scaffolding elements serves well for the longitudinal research purposes. Currently, longitudinal studies focusing on the development of pre-service teachers' TPACK are scarce . These studies are needed in order to better outline the nature of pre-service teachers' TPACK and factors affecting the development of TPACK.
Limitations and future research
The first limitation is related to the use of one TPACK questionnaire. The results should be replicated with other TPACK assessment instruments to understand more comprehensively the TPACK theoretical framework with empirical data produced by various questionnaires. Still, this study with the TPACK-21 instrument provides an example of how to better ground TPACK instruments within certain pedagogical approaches aligning with Koh and Chai (2011) . Based on these results, we assume that it is important to further develop and investigate the questionnaires used and to focus on how TPACK is empirically investigated to gain better comprehension of the nature of TPACK. The second limitation is related to the methods used in this study, namely that one confirmatory factor model was used. Thus, multiple perspectives of measurement models accompanied with item response theory (IRT) models, such as Rasch modelling, should be used. These types of studies can also answer the question of whether the TPACK model can be fitted to a single structure or whether we should consider dividing the structures based on research purposes. By better understanding the structure of TPACK, we can also assess whether there a need for measuring all elements of TPACK, including TPACK itself or a variation of the TPACK model (i.e., foundational and intermediate, in this case), or whether we could get better initial information with fewer items by using TPACK screeners -that is, measuring TPACK directly with only TPACK items. The third limitation relates to the use of correlation in the interpretation of the association between the latent constructs of TPACK. Therefore, various regression models should be used to understand the connections between the various factors of TPACK, particularly between the foundational and intermediate elements of TPACK. Moreover, longitudinal data are needed to understand the associations, and perhaps causal relations, more thoroughly in the TPACK framework. Particularly for longitudinal research, a clearer view of the foundational and intermediate aspects of TPACK is needed. Finally, as with all assessment instruments, there is a need for a continuum of psychometric investigations of the TPACK-21 questionnaire. Moreover, the mixed-methods approach using observations of actual TPACK in use among pre-service teachers should be continued. Obviously, it is important to recognise that the TPACK structure may be different among novice pre-service teachers (i.e., first year in their education) and more experienced preservice teachers (i.e., more years in pre-service teacher education and/or close to graduations) as well as between pre-and in-service teachers and that this study used data from novice pre-teachers.
Despite the limitations, in this article we have provided insight into TPACK research and have provided an example of how to develop a TPACK questionnaire grounded on twenty-first century skills. This article also provides some insights into the nature of pre-service teachers' TPACK, proposing ideas for future research. We assume that the knowledge related to the structure and development of pre-service teachers'
TPACK grounded on twenty-first century skills provides an important starting point to support teacher education and the professional development of pre-service teachers. With psychometrically sound instruments, we are able to outline the effects that the TPACK components have on one another as well as identify the weak and strong areas that require special consideration in teacher education. Moreover, with psychometrically sound instruments, the development of TPACK can be investigated using longitudinal methods. Currently, there are studies focusing on the topic in the context of separate courses or projects specifically designed for developing teachers' TPACK (Doering et al., 2009) . However, studies conducted with larger target groups following the gradual development of TPACK over longer time periods, especially in the teacher training context, are scarce (Voogt et al., 2013) . Still, we assume that a longitudinal approach would be important to define the effects of teacher education and also to highlight the areas where special support is needed within teacher education. 
Appendix

Pedagogical knowledge (PK)
First, think how well you believe you know the processes of learning on a general level. Also consider in which areas you feel you need more information and in which areas you feel your current knowledge is sufficient or strong.
Evaluate your knowledge about the given topics:
PK1: Guiding students' discussions during group work (2-5 students) PK2: Supporting students' critical thinking PK3: Guiding students in planning their own learning PK4: Supporting students' reflective thinking PK5: Guiding students to make use of each other's thoughts and ideas during group work (2-5 students) PK6: Supporting students' problem-solving skills PK7: Supporting students' creative thinking
Technological knowledge (TK)
Next, consider your own relationship with information and communications technology (ICT 
Content knowledge (CK)
(Note: The CK in this TPACK-21 questionnaire is always content specific, i.e., sciences in this case, but it can be changed for other contents, e.g., mathematics, languages, physical education.)
Next think about your content expertise in natural sciences (biology, geography, physics, chemistry and health). Please consider how well you believe you know the subject contents and in which areas you feel you need additional information or in which areas you feel your knowledge is sufficient or strong.
Evaluate your knowledge in the given topics:
CK1: I have sufficient knowledge in developing contents in natural sciences CK2: I know the basic theories and concepts of natural sciences CK3: I know the history and development of important theories in natural sciences CK4: I am familiar with recent research in natural sciences
Interaction between pedagogical and content knowledge (PCK)
Now consider your pedagogical knowledge in natural sciences together. Please consider in which areas you feel you need additional information or in which areas you feel your knowledge is sufficient or strong.
PCK1: In natural sciences, I know how to guide students' content-related problem solving in groups (2-5 students) PCK2: In natural sciences, I know how to guide students' critical thinking PCK3: In natural sciences, I know how to guide students to make use of each other's thoughts and ideas in group work (2-5 students) PCK4: In natural sciences, I know how to guide students' reflective thinking PCK5: In natural sciences, I know how to guide students in planning their own learning PCK6: In natural sciences, I know how to guide students' creative thinking
Interaction between technological and pedagogical knowledge (TPK)
Next we consider the possibilities of using ICT in teaching. First think on a general level about how well you are familiar with using technology to realise your pedagogical goals. Please consider in which areas you feel you need additional information or in which areas you feel your knowledge is sufficient or strong.
TPK1: I know how to use ICT in teaching as a tool for students' reflective thinking TPK2: I know how to use ICT in teaching as a tool for students to plan their own learning TPK3: I know how to use ICT in teaching as a tool for sharing ideas and thinking together TPK4: I know how to use ICT in teaching as a tool for students' creative thinking TPK5: I know how to use ICT in teaching as a tool for students' problem solving in groups (2-5 students) TPK6: I know how to use ICT in teaching as a tool for students' critical thinking
Interaction between content and technological knowledge (TCK)
Please consider now, how well you know the technologies that are used in professions related to natural sciences.
TCK1: I know websites with online materials for studying natural sciences TCK2: I know ICT-applications which are used by professionals in natural sciences TCK3: I know ICT-applications which I can use to better understand the contents of natural sciences TCK4: I know technologies which I can use to illustrate difficult contents in natural sciences
Interaction between pedagogical, technological, and content knowledge (TPACK) (Note. The items TPACK1-TPACK7 were not used in the analysis of this study. However, they are part of this questionnaire and thus reported here in this appendix. TPACK factor internal consistency with the current data is strong, Cronbach's α = 0.96.)
Now we add all the segments together. Please consider your pedagogical, technological and content knowledge in natural sciences together. Please consider in which areas you feel you need additional information or in which areas you feel your knowledge is sufficient or strong.
TPACK1: In teaching natural sciences, I know how to use ICT as a tool for sharing ideas and thinking together TPACK2: In teaching natural sciences, I know how to use ICT as a tool for students' reflective thinking TPACK3: In teaching natural sciences, I know how to use ICT as a tool for students to plan their own learning TPACK4: In teaching natural sciences, I know how to use ICT as a tool for students' problem solving in groups (2-5 students) TPACK5: In teaching natural sciences, I know how to use ICT as a tool for students' creative thinking TPACK6: In teaching natural sciences, I know how to use ICT as a tool in group work (2-5 students) TPACK7: In teaching natural sciences, I know how to use ICT in teaching as a tool for students' critical thinking
